esophageal adenocarcinoma; reactive oxygen species; cytokeratin 8/18 BARRETT'S ESOPHAGUS (BE) IS a metaplastic lesion in the distal esophagus that commonly occurs in patients with gastroesophageal reflux disease (GERD). BE patients have a significantly increased risk for developing esophageal adenocarcinoma (EAC) (57) . However, the exact mechanism by which GERD promotes BE is unclear.
Gastric acid and bile acids appear to be two major risk factors for the development of BE (40) . Clinical studies have identified glycine-conjugated bile acids as the predominant bile acids appearing in the esophagus of patients with GERD (40) . Bile acids are natural detergents synthesized in the liver and stored in the gall bladder, which are essential for the digestion of lipids. However, high levels of bile acids are known to promote gastrointestinal cancers (9) . Bile acids were shown to induce oxidative stress, DNA damage, and mitochondrial damage (9) . Furthermore, gastric acid and/or bile acids are known to induce oxidative stress and alter signaling pathways, such as MAPK, NF-B, and STAT3 (2, 15, 56) . These signaling pathways are associated with increased proliferation and decreased apoptosis of esophageal cells. Our recent study shows that gastric acid and bile acids in combination act synergistically to cause marked DNA damage (21) . The DNA damage will lead in the majority of cells to the induction of cell death; however, few cells will attempt to adapt to these stressful conditions by the activation of stress response pathways. This may lead to a phenotypic switch and formation of metaplastic epithelium that is resistant to acid and bile acids and is able to survive repeated reflux episodes.
In the current study, we report the effects of repeated, long-term exposure of esophageal squamous HET1A cells to bile acids at pH 5.5. The goal was to develop and characterize squamous esophageal cells resistant to the acidic pH/bile acid combination. We hypothesized that long-term exposure of squamous cells to bile acids at pH 5.5 induces persistent stress that will lead to the clonal selection of cells that are resistant to cell death and exhibit activation of cell survival pathways, such as NF-B or STAT3 signaling.
The identification of molecular changes within the normal esophageal tissue that contribute to BE, may assist in the development of new treatments for BE and biomarkers for early detection of esophageal adenocarcinoma.
METHODS
Cell lines and chemicals. HET1A cells were provided by Dr. Curtis C. Harris (National Cancer Institute, Bethesda, MD). HET1A is a normal human esophageal epithelial cell line immortalized by transfection of the SV40 T antigen early region gene. These cells have epithelial morphology, stain positively for cytokeratin 13 , and have remained nontumorigenic in athymic, nude mice for more than 12 mo (59) . The cells were cultured in BRFF-EPM2 medium (Athena Environmental Sciences, Baltimore, MD) supplemented with 50 g/ml gentamicin and 0.25 g/ml fungizone.
Initially, HET1A cells were exposed for 10 min to medium acidified to pH 5.5 in the presence of 0.2 mM bile acid cocktail (BA). The cells were then split, and when they were 80 -90% confluent, they were exposed again to 0.2 mM BA at pH 5.5 (on average once or twice a week). As the cells became adapted, the time of exposure was increased by 5 min. This procedure was repeated until the cells were able to survive and proliferate after exposure to 0.2 mM BA at pH 5.5 for 120 min. It took 90 wk to achieve this resistance. The cells were unexposed to bile acids at pH 5.5 for 21 days before being evaluated or the cells were exposed to 0.2 mM BA at pH 5.5 for 2 h and evaluated 24 h later as noted.
Bile acid cocktail consisted of an equimolar mixture of glycocholate, taurocholate, glycodeoxycholate, glycochenodeoxycholate, and deoxycholate at a final concentration of 0.2 mM. This cocktail reflects the mixture of bile acids to which the distal esophagus is ordinarily exposed during gastroesophageal reflux (40) . AG490 was from Cayman Chemical (Ann Arbor, MI), Hydroethidine (HE), propidium iodide (PI), and Hoechst 3222 were from Molecular Probes, (Eugene, OR). All other chemicals were of the highest purity available.
Evaluation of cell death, cytotoxicity, and doubling time. HET1A and HET1AR were treated for 2 h with either control medium or medium with 0.2 mM BA acidified to pH 5.5. Twenty-four hours after treatment, an aliquot of HET1A and HET1AR cells were cytospun onto slides using a Cytospin 2 (Shandon), fixed with 100% methanol for 6 min, air-dried, and stained with Giemsa stain for 4 h. Two hundred cells were evaluated, using bright field microscopy (ϫ1,000), for apoptosis and necrosis, as described previously (12) . Apoptotic cells were identified as cells with condensed chromatin, cell shrinkage, and nuclear fragmentation. In contrast, a pale cytoplasm, swelling, and disintegration of cytoplasmic and nuclear boundaries were the major characteristic features of necrotic cells.
Furthermore, cell viability/proliferation was analyzed using the CellTiter 96 AQ ueous nonradioactive cell proliferation assay {a[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS) assay} (Promega, Madison, WI), according to the manufacturer's instructions, as described previously (20) . This assay is a colorimetric assay for measuring the activity of mitochondrial enzymes that reduce MTS to purple formazan. Briefly, the cells were plated in 96-well plates, treated with indicated treatments for 2 h and evaluated 24 h later. Twenty microliters of MTS was added to each well, incubated at 37°C for 2 h, and the absorbance at 480 nm was read. Blank control values were subtracted from experimental and control samples, and the percentage of viable cells was calculated as follows: % viable cells ϭ (A480 experiment Ϫ A480 blank control/ A480 control Ϫ A480 blank control) ϫ 100.
The increase in viable cell number compared with the initial number of cells was used to calculate the doubling time in the cells that were not exposed to any treatment for 21 days. HET1A and HET1AR (1 ϫ 10 5 ) cells were plated in six-well plates, and after 24, 48, and 72 h, the cells were stained with trypan blue and counted.
Determination of oxidative stress. Oxidative stress in esophageal cells was assessed by staining with HE, as described previously (18) . Flow cytometry experiments were done in triplicate, and a minimum of 10,000 events were analyzed. Data are expressed as a histogram and as a graph indicating the percentage of HE-positive cells. In addition, fluorescent microscopy was employed to evaluate oxidative stress in live HET1A and HET1AR cells after staining with 2 M HE for 30 min at 37°C (16) .
Superoxide dismutase activities. Cells (12 ϫ 10 6 ) were sonicated in a buffer containing 100 mM diethanolamine; 100 mM triethanolamine at pH 7.45, centrifuged at 100,000 g for 1 h, and the supernatant was dialyzed for 16 h. CuZnSOD and MnSOD activities were determined using the method of Paoletti et al. (43) , and the differential sensitivities of the enzymes to inactivation were determined by 50 mM diethylthiocarbamate (27) . Activities were normalized to cellular protein measured using the BCA reagent following the manufacturer's instructions (Pierce Biotechnology, Rockford, IL).
Western blot analysis. Western blot analysis was performed as previously described (18 Immunohistochemistry. For fluorescence microscopy, the cells were grown on 4-chamber slides, fixed with formaldehyde, and permeabilized with methanol, as described previously (15) . After blocking with 5% BSA, the cells were incubated overnight with antibodies against villin (1:100; BD Biosciences, San Jose, CA), CDX-2 (1:100; Biogenex, San Ramon, CA), STAT3 (1:100; Cell Signaling), pSTAT3 (1:100; Santa Cruz Biotechnology), or the p50 subunit of NF-B (1:100; Santa Cruz Biotechnology). Alexa Fluor 488 secondary antibodies (1:100; Molecular Probes, Eugene, OR) were applied for 60 min. The slides were counterstained with Propidium iodide (PI) and coverslipped using VectaShield HardSet medium (Vector Laboratories, Burlingame, CA).
CK8/18 are markers of columnar epithelium that are not expressed by the squamous epithelium of the esophagus (10, 48) . CK8/18 expression in HET1A and HET1AR cells was evaluated by immunohistochemistry according to protocols using the BenchMark XT IHC/ ISH staining module (Ventana Medical Systems, Tucson, AZ). CK8/18 signal was detected using an iVIEW DAB detection kit (Ventana Medical Systems). The CK8/18 antibody was from Santa Cruz Biotechnology (1:100). Hematoxylin was used as a counterstain.
RNA preparation and real-time RT-PCR. Total RNA was isolated from cells using the RNeasy Plus Mini Kit (Qiagen, Santa Clarita, CA), as described in the manufacturer's protocol. RNA concentration and purity were evaluated by NanoDrop (ThermoScientific, Wilmington, DE) at 260 nm/280 nm. Real-time RT-PCR assays were performed to quantify mRNA levels of IL-6, villin, and sodium hydrogen exchanger 1 (NHE1), as described previously (15) .
IL-6 secretion. A Quantikine HS ELISA kit was used to determine the concentration of IL-6 in conditioned media (R&D Systems, Minneapolis, MN). The assay was performed according to the manufacturer's instructions.
Intracellular pH measurement. Intracellular pH was measured in cells by epifluorescence microscopy using the pH-sensitive dye 2=-7=-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF; Invitrogen, Carlsbad, CA). Dye loading and calculation of the rate of recovery after acid load were performed as described previously (51) . Cells were perfused with serum-free and phenol red-free RPMI at pH 7.4 to obtain a stable baseline intracellular pH (pHi). The solution was then changed to medium with Hcl to pH 5.5 or medium supplemented with 20 mM NH 4Cl for 10 min. Minimal pHi (pHimin) was determined as an average of the 4 lowest pHi values. Data are from at least three independent experiments. In each experiment, data from a minimum 30 individual cells were evaluated.
Statistical evaluation. The data are expressed as the means Ϯ SE. The statistical difference between two cell lines was determined by a Student's t-test using a 95% confidence level.
RESULTS

Characterization of HET1AR resistance to acid and bile acids.
To mimic chronic reflux disease, squamous esophageal HET1A cells were exposed to medium acidified to pH 5.5 with 0.2 mM BA for increasing time intervals. An untreated longpassage HET1A cell line was concurrently maintained, as a control. These HET1AR new cells are able to survive and proliferate after exposure to 0.2 mM BA at pH 5.5 for 120 min. When parental HET1A cells were exposed for 120 min to pH 5.5 in combination with 0.2 mM BA and evaluated 24 h later, a majority of the cells died ( Fig. 1, A and B) . We found that only 13% of the resistant cells died after the exposure to 0.2 mM BA at pH 5.5 (3% by apoptosis and 10% by necrosis). In contrast, 56% of the parental cells died after a similar treatment, primarily by necrosis (43%); however, apoptotic cells (12%) were also found (Fig. 1A) . Evaluation at later time points indicated that all HET1A cells were unable to proliferate and died; however, the HET1AR cells remained viable. In addition, HET1AR cells were morphologically different compared with parental cells (Fig. 1C) . HET1AR cells appeared small and round, while the parental cells appeared spindleshaped and more spread. The doubling time of HET1AR cells not exposed to any treatment was not significantly different from control HET1A cells (27.6 Ϯ 4.6 h compared with 27.4 Ϯ 3.6 h, n ϭ 3).
To confirm the morphological data, HET1A and HET1AR cells were exposed to a 120-min treatment with 0.2 mM BA at pH 5.5 and evaluated 24 h later by the MTS assay. More than 50% of the parental HET1A cells did not survive the treatment compared with untreated cells (Fig. 1D) . In contrast, HET1AR cells did not show any decrease in the number of surviving cells after treatment with 0.2 mM BA at pH 5.5 compared with the untreated cells (Fig. 1D) .
HET1AR cells display markers associated with metaplastic and columnar epithelium. Villin is a marker of intestinal differentiation, which is commonly used to detect the presence of intestinal metaplasia. Villin mRNA levels were elevated more than five-fold in HET1AR cells compared with the HET1A cells (P Ͻ 0.05, Fig. 2A ). Furthermore, increased villin immunostaining was found in the cytoplasm of HET1AR cells (Fig. 2B) . We also evaluated, in both cell lines, the expression Fig. 1 . HET1AR cells are resistant to the cytotoxic effects of bile acids in combination with acid. HET1A and HET1AR cells were treated with control medium or medium at pH 5.5 with 0.2 mM bile acid cocktail (BA) for 2 h, medium was replaced, and the cells were evaluated 24 h later by morphological criteria after staining with Giemsa stain (A). A: representative images indicating dead cells (necrotic and apoptotic) and alive cells after staining with Giemsa stain (magnification ϫ600). Several necrotic and apoptotic cells are indicated by white and yellow arrows, respectively. B: graph of % normal and dead HET1A and HET1AR cells treated as above. *Significant difference compared with normal HET1A cells (P Ͻ 0.05). **Significant difference compared with dead HET1A cells (P Ͻ 0.05). C: morphology of the parental HET1A and HET1AR cells at ϫ400 magnification. D: data from the MTS assay of HET1A and HET1AR (not exposed to acid and bile acids for 21 days) treated for 2 h with 0.2 mM BA at pH 5.5 and evaluated 24 h later. Data are expressed as means Ϯ SE. *Significant difference compared with control cells (P Ͻ 0.05).
of CDX2, a transcription factor that regulates early stages of intestinal differentiation. We did not find increased mRNA levels, but immunostaining, in conjunction with fluorescent microscopy, revealed an increased signal of CDX2 in the cytoplasm of the HET1AR cells (Fig. 2B) . Moreover, immunohistochemistry and immunoblotting show increased expression of columnar epithelial markers, cytokeratins 8/18 (CK8/ 18), in the HET1AR-resistant cells (Fig. 2, C and D) . HET1AR display increased production of reactive oxygen species. Since previous studies suggest that oxidative stress plays a role in BE pathogenesis, we wanted to determine whether exposure to 0.2 mM BA at pH 5.5 increased the baseline levels of reactive oxygen species (ROS). HET1AR cells were exposed to 0.2 mM BA at pH 5.5 for 2 h and evaluated 24 h later. Using flow cytometry to measure the fluorescence of HE, a probe that forms a fluorescent product in the presence of ROS, we found that HET1AR cells had significantly elevated levels of ROS (Fig. 3A) . We found that 65.8 Ϯ 2.8% of the HET1AR cells stained positively with HE compared with only 19.5 Ϯ 3.8% of the parental HET1A cells (P Ͻ 0.05; Fig. 3A) . Fluorescent microscopy confirmed these results, illustrating a high intensity of HE staining in the HET1AR cells, while the parental cells did not stain with HE (Fig. 3B) .
HET1AR have decreased MnSOD protein and activity. Next, we evaluated the antioxidant defense enzymes in the parental and resistant cells. We found that the HET1AR cells have significantly decreased protein expression of MnSOD, (Fig.  3C ). Enzymatic activity of MnSOD was also significantly decreased in the HET1AR cells compared with parental cells (P Ͻ 0.05, Fig. 3D ). Although, CuZnSOD protein and activity were not significantly decreased (Fig. 3, C and D) , total SOD activity was significantly lower in the HET1AR cells (P Ͻ 0.05; Fig. 3D ). The protein levels of another antioxidant enzyme, catalase, was also slightly, but not significantly, decreased in HET1AR cells compared with HET1A (Fig. 3C) .
Activation of IL-6/STAT3 and NF-B in HET1AR cells. IL-6/STAT3 signaling plays a key role in many cellular processes, such as cell growth and apoptosis resistance, and is increased in BE and EAC (17) . Consistent with these findings, the expression of IL-6 mRNA and secretion of IL-6 was significantly increased in HET1AR compared with the parental HET1A cells (Fig. 4A) . Expression, cellular localization, and phosphorylation (activation) of STAT3 were next evaluated in HET1AR and HET1A. Immunostaining, in conjunction with fluorescent microscopy, showed that STAT3 protein expression is upregulated, and STAT3 is translocated into the nuclei of HET1AR cells (Fig. 4B) . The expression of activated (phosphorylated) STAT3 (Tyr705) was also increased in the nuclei of the HET1AR cells (Fig. 4B) . Western blots confirmed the presence of phosphorylated STAT3 in the HET1AR cells (Fig. 4C) .
The transcription factor NF-B, which regulates the expression of genes associated with inflammation and tumorigenicity, is often increased in BE and EAC (62) . The immunofluorescence staining showed that the expression of the p50 and p65 subunits of NF-B was increased in the HET1AR cells compared with the HET1A cells. The signal was primarily detected in the nuclei, suggesting that NF-B was translocated into the nucleus, where it can activate the transcription of target genes (Fig. 4B ). In addition, we confirmed the increase in p65 subunit expression in HET1AR cells by Western blot (Fig. 4C) ; however, this increase was not substantial.
HET1AR cells express proteins that are up-regulated in BE and EAC.
In our next experiments, we evaluated the expression of prosurvival and proinflammatory proteins that are commonly elevated in biopsies obtained from patients with BE and/or EAC. Overexpression of COX-2 and EGFR, which are involved in cell survival and proliferation, is highly associated with BE and EAC development (36) . By analyzing Western blots for these proteins, we observed that COX-2 is absent in HET1A cells but robustly expressed in HET1AR cells (Fig.  4C) . Immunoblotting revealed that EGFR was increased by more than twofold in HET1AR cells compared with the HET1A cells (Fig. 4C) . Mammalian target of rapamycin (mTOR) is another important regulator of cell survival, proliferation, and angiogenesis. The phosphorylated (activated) form of this protein was overexpressed in the HET1AR compared with the HET1A cells (Fig. 4C) .
On the basis of the increased activated STAT3 in the HET1AR cells, we examined Mcl-1 levels. Mcl-1 is an antiapoptotic protein regulated by STAT3 that is increased in BE (17) . As expected, Mcl-1 was increased in the HET1AR cells (Fig. 4D) . Bag-3, another protein that is linked to resistance to cell death and is induced in response to oxidative stress (45, 46) , was also markedly elevated in the HET1AR cells (Fig.  4D) . In contrast, the tumor suppressor p53 was decreased by more than 50% in HET1AR compared with HET1A cells (P Ͻ 0.05, Fig. 4D ). 
Inhibition of STAT3 signaling downregulated the expression of prosurvival proteins.
To determine whether the elevated STAT3 signaling contributes to the resistance phenotype, we tested whether inhibition of STAT3 signaling can affect protein expression/activation and cell survival. For these experiments, we used AG490, an inhibitor of JAK2/STAT3 signaling (41) . First, we tested whether AG490 can reverse resistance to the treatment with 0.2 mM BA at pH 5.5 in the HET1AR cells. We found, by MTS assay, that pretreatment with AG490 for 30 min followed by incubation with 0.2 mM BA at pH 5.5 for 2 h and 24 h in medium containing AG490, reduced cell survival (Fig. 5A) . AG490 alone or 0.2 mM BA at pH 5.5 alone had no significant effect on survival.
Furthermore, treatment with 10 M AG490 for 24 h completely inhibited STAT3 activation (Fig. 5B) . Mcl-1 expression was eliminated in HET1AR cells following incubation with AG490 (Fig. 5B) . AG490 treatment also caused a decrease in EGFR expression and mTOR activation (Fig. 5B) .These data suggest that increased STAT3 signaling partially contributes to the resistance phenotype of the HET1AR cells.
HET1AR cells are resistant to acidification. Our recent studies show that the NHE1 is highly expressed in clinical samples of BE (21) . NHE1 is an important regulator of intracellular pH (64) . Because of the acid and bile acid resistance of the HET1AR cells, we analyzed the ability of these cells to regulate intracellular pH and the expression of NHE1. We analyzed the minimal intracellular pH i (pH imin ) in both cell lines following a 10-min exposure to pH 5.5 or acidification by NH 4 Cl. Serum-free, phenol red-free RPMI supplemented with sodium bicarbonate was used as the bathing solution during pH i readings. The baseline pH i was not significantly different; 7.28 Ϯ 0.28 and 7.23 Ϯ 0.35 in HET1A and HET1AR cells, respectively. However, following 10 min of an acid pulse (pH 5.5), pH imin in HET1AR cells was 6.51 Ϯ 0.01, while in HET1A cells, pH imin was 6.24 Ϯ 0.12 (P Ͻ 0.05, Fig. 6, A and  B) . Acidification induced by treatment with 20 mM NH 4 Cl also showed a statistically significant difference between HET1A and HET1AR cells; minimal intracellular pH i was 6.21 Ϯ 0.02 and 6.77 Ϯ 0.05, respectively (P Ͻ 0.05, Fig. 6, A and B) . When we examined the expression of NHE1, we found a significant increase in NHE1 mRNA in HET1AR cells compared with the HET1A cells (Fig. 6C) .
DISCUSSION
BE is characterized as a metaplastic lesion, where normal esophageal epithelium is replaced by intestinal epithelium. BE appears to result from chronic, repeated irritation of the esophageal mucosa by gastric acids, proteases, and bile acids that lasts several years (8, 44) . Several different theories exist on the cell of BE origin (57) . Originally, it was proposed that the cells from gastoresophageal junction migrate to the distal part of esophagus as a consequence of damage caused by refluxate. Other theories propose abnormal differentiation of pluripotent stem cells in the squamous esophagus or submucosal glands. Finally, BE may evolve from native squamous epithelium that undergoes transdifferentiation as a result of chronic exposure to low pH and bile acids (28) . To test this hypothesis and mimic chronic exposure to gastric acid and bile acids, we developed resistant cells from squamous esophageal cells that are able to survive and proliferate after repeated exposures to bile acids at acidic pH. Importantly, these new resistant cells activate signaling pathways and express inflammatory, oncogenic, and metaplastic markers similar to those seen in BE.
Currently, two squamous esophageal cell models are used in in vitro experiments to establish the role of acid and/or bile acids in the development of BE from squamous epithelium. These two models are 1) human keratinocytes (EPC-hTERT, NES) that are immortalized with human telomerase (hTERT) transfection; and 2) HET1A cells that are immortalized by SV40 T antigen. Both of these models have limitations. Telomerase maintains telomere integrity; however, recent studies show that telomerase is involved in many different processes, independent of the ability to maintain telomeres, such as apoptosis resistance, altered gene expression, and DNA damage. (11, 58) For example, the expression of hTERT is linked to increased resistance to apoptosis, an upregulation of growth promoting genes, and a downregulation of growth inhibitory genes (55) . Furthermore, recent studies showed that ectopic expression of hTERT in epithelial cells resulted in reduced basal levels of active p53-, and p53-dependent signaling (7). We used HET1A cells since these cells are nontumorigenic; however, we recognize that the SV40T antigen can also cause p53 and pRB inactivation and changes in DNA methylation (32) . In this study, we compared parental long-passage control HET1A to resistant HET1AR cells to determine the major changes induced by long-term treatment with bile acids at acidic pH. The cells were repeatedly exposed to 0.2 mM bile acid cocktail at pH 5.5 for up to 120 min. These concentrations and time exposures are relevant to BE patients, since these patients experience simultaneous reflux of acid and bile acids for long time periods compared with normal individuals (40, 61) . The total percentage of time when bilirubin absorbance was Ն0.14 in the esophagus (an indication of bile reflux) was 46% (ϳ11 h/24 h) in BE patients but only 1.5% in normal controls (61) . Similarly, the total percentage of time when the esophageal pH was Ͻ4 was 22.8% (ϳ5.5 h/24 h) in BE patients with dysplasia but only 0.4% in normal controls (61) .
Development of the resistance phenotype in the HET1AR cells was accompanied by morphological changes and increases in several markers of columnar differentiation, villin, CDX2, and CK8/18. These markers are also increased in BE metaplasia (19, 38) . Furthermore, these results are in agreement with recent studies, indicating that bile acids at low pH may induce an increase in the expression of CDX2, CK8/18, and villin in other model systems (5, 6, 13, 24, 25, 66) . At this point, it is not clear why we did not observe an increase in CDX2 mRNA, while villin mRNA was significantly increased. It is possible that turnover or stability of CDX2 mRNA in these new cells derived from squamous cells is different compared with true columnar cells.
Epidemiological and clinical studies indicate that malignant transformation of BE is associated with oxidative stress, decreased antioxidant capacity, and low glutathione content (26, 53, 54) . Consistent with these studies, we have shown that the cells resistant to bile acids at pH 5.5 have increased levels of ROS, while the activities and expression of antioxidant enzymes are decreased. The major enzymes responsible for the attenuation of ROS are the family of superoxide dismutases, which convert superoxide radicals into hydrogen peroxide, and catalase, which converts hydrogen peroxide to water and oxygen. The loss of SOD and catalase increases levels of ROS, thus creating conditions favorable for increased proliferation and mutation (22) . We found a significant decrease in the total superoxide dismutase activity. The decrease in total SOD activity is likely due to decreased MnSOD; CuZnSOD protein and activity were unchanged. The loss of MnSOD function was previously shown to be associated with increased incidence of BE (37) . Furthermore, a recent study by Li et al. (35) suggests that exposure to hydrophobic bile acids decreases MnSOD activity. Our data demonstrate that MnSOD activity can be significantly decreased by chronic treatment with bile acids at low pH.
Many tumor types have decreased MnSOD compared with normal tissue (31); however, repression of MnSOD during transformation is not well understood. One possibility is increased methylation of the promoter (23) . A second possibility is decreased FOXO3a-induced MnSOD transcription due to increased activation of Akt (52) . MnSOD is also regulated by a combination of Sp1, p53, nucleophosmin, and NF-B (14) . Recent evidence indicates that the relative abundance of the different NF-B subunits contributes to the positive or negative regulation of MnSOD (14) . Increased p50/p50 homodimers result in repression, while an increase in p50/p65 heterodimers positively regulates MnSOD (14, 60) . The relative increase in nuclear p50 in the HET1AR cells could contribute to the observed decrease in MnSOD.
The expression of catalase was also decreased in resistant HET1AR cells; however, the difference did not reach statistical significance. Furthermore, increased levels of Bag-3, protein that has a central role in the protection of cancer cells against cell death induced by oxidative stress, were found in HET1AR cells (47) . These results indicate HET1AR cells have increased basal levels of ROS; thus, Bag-3 may be one of the proteins responsible for the cells' ability to survive.
The transcription factor NF-B regulates cell proliferation, inflammation, and survival; its activity is upregulated in dysplastic BE and EAC (3, 42) . Many studies showed that exposure of esophageal cancer cells to bile acids at low pH induces NF-B activation (30, 63) . We observed increased expression of the p50 subunit of NF-B primarily in the nuclei of HET1AR cells, suggesting constitutive activation of NF-B. The p65 subunit of NF-B was also elevated in HET1AR cells; however, this increase was not robust. Furthermore, COX-2, the NF-B-regulated protein implicated in BE pathogenesis (1), was also upregulated in HET1AR cells.
Our data are consistent with elevated IL-6/STAT3 signaling playing a role in the development of BE (15, 17) . Our previous studies showed that, compared with duodenum and squamous epithelium, BE cells secrete large amounts of IL-6 and express activated STAT3, which leads to increased levels of antiapoptotic proteins (17) . A more recent study demonstrated that BE cell lines that lack functional p53, and express active H-Ras, secrete IL-6 and activate the STAT3 signaling pathway (65) . In the current study, we found increased IL-6 levels and STAT3 activation in HET1AR cells. Mcl-1, the anti-apoptotic Bcl-2 family protein regulated by the STAT3 pathway, was also significantly increased in HET1AR cells. The inhibition of STAT3 signaling with AG490 decreased Mcl-1 expression and partially sensitized the HET1AR cells to cell death induced by bile acids at low pH, indicating that increased STAT3 signaling may contribute to the observed resistance in the HET1AR cells.
Mutations or amplifications of EGFR or EGFR family members are implicated in BE and EAC development (33, 36) . Bile acids alone or in combination with acid may activate EGFR (5) . In agreement with these studies, EGFR expression was significantly increased in HET1AR cells compared with the HET1A cells. The activity of mTOR, another protein that plays a significant role in cell proliferation, survival, and migration was elevated in HET1AR cells. Interestingly, EGFR expression and mTOR activation could be downregulated by a AG490 treatment, indicating again the importance of STAT3 signaling in esophageal tumorigenesis. Previous reports showed that p53 mutation and loss of heterozygosity is one of the best defined markers of BE oncogenesis (29) . The most common response to stress induced by the tumor suppressor gene p53 is cell cycle arrest or DNA repair. If the DNA damage cannot be repaired, p53 induces cell death. Our data show that the protein levels of p53 are significantly decreased in HET1AR cells compared with the HET1A cells. Interestingly, p53 can repress IL-6 transcription (4). Therefore, it is possible that a decrease in p53 expression in combination with IL-6/STAT3 activation may play an important role in BE pathogenesis.
Repeated exposures to acid may also lead to changes in intracellular pH (pH i ) and the increased ability of cells to adapt to acid exposure. Our data demonstrate that cell acidification is diminished in esophageal cells resistant to bile acids at low pH compared with control cells. This finding suggests that HET1AR cells have evolved an ability to adapt to an acidic environment and perhaps extrude intracellular protons faster. However, we did not observe a significant difference in baseline pH, suggesting that the acid extrusion modulation is likely mediated by enzymes that are activated only in the presence of acid. We hypothesized that this acid extrusion may be mediated by increased expression of integral H ϩ transporters, such as the NHE1. Indeed, NHE1 mRNA levels were significantly increased in HET1AR cells compared with parental HET1A cells. However, selective inhibition of NHE-1 using Zoniporide (39) did not affect the pH imin during treatment with either acidified medium or during NH 4 Cl prepulse (data not shown). This suggests that other mechanisms, such as Cl Ϫ /HCO 3 Ϫ exchange (34, 49) , different isoforms of NHE, or the difference in cell volume, may contribute to the altered acidification in the HET1AR cells. Our recent studies show NHE1 is highly expressed in BE and EAC (21) . Previous studies showed that NHE1 plays an important role in regulation of cell survival, migration, tumor growth, and invasion (50). Thus, it is possible that in addition to its function as a proton antiporter, NHE1 may be linked to increased risk of BE development.
Metaplasia, such as BE, arises in tissues undergoing continuous regeneration after chronic trauma. Transdifferentiation will occur if the combination of transcription factors that are normally expressed is altered in the course of regeneration because of mutation or environmental effects. It can only occur in a few cells, and if the new tissue type has a growth advantage, it will expand to become a macroscopic lesion. We have shown that repeated long-term exposure to bile acids at low pH in cells that originate from squamous epithelium activate transcription factors and expression of proteins that are associated with columnar phenotype. While our data support the transdifferentiation theory, other theories cannot be excluded, especially the abnormal differentiation of stem cells from squamous epithelium into columnar epithelium as a result of the exposure to refluxate.
In summary, the exposure of esophageal epithelium to bile acids at acidic pH is an important factor in BE pathogenesis. HET1AR cells resistant to 0.2 mM BA at pH 5.5 serve as an in vitro model showing that squamous esophageal cells, repeatedly exposed to these two major components of refluxate, express hallmarks typical of BE. This model cell line may contribute to a better understanding of the molecular mechanisms underlying BE pathogenesis and provide important insights into the development of new therapeutic strategies for BE. On the basis of the data from this study, we propose that not only should the reflux of gastric acid be controlled but control of duodenal reflux may also be critical in patients with GERD.
